Abstract: In this paper, 2-D ordered Ag, Au, and Cu nanoplasmonic structures were designed to enhance the absorption of P3HT:PCBM using transfer-matrix method and dipolecoupling model. Two degenerate transverse plasmon modes were found and supported by a coupled metal nanoparticle array embedded in P3HT:PCBM. In the inverted organic photovoltaic, Cu nanoplasmonic structure increased the absorption by 22.1% in visible range. In addition, nanoplasmonic structure provided a wide-angle absorption enhancement for both p and s polarized waves.
Introduction
Using plasmonic structure to increase the power conversion efficiency (PCE) of solar cell is the trend in thin-film solar cells [1] - [4] owing to the strong light trapping and scattering. In silicon solar cells, metallic structures have been deposited on sample surface to reduce the Fresnel reflection [5] - [8] . Metallic nanostructures embedded in active layer have been used to increase the absorption efficiency [9] - [11] , which results in the thickness reduction of active layer. In comparison with amorphous silicon, P3HT:PCBM film has a lower refractive index ðn $ 2:2Þ and a higher absorption coefficient ðk $ 0:4Þ at ¼ 550 nm, resulting in a smaller reflection loss and a thinner thickness. The PCE of P3HT:PCBM-based photovoltaic was limited to $6% because of the imperfect bicontinuity and the high energy band gap of P3HT:PCBM. In order to improve the aforementioned drawbacks, metal nanoparticles [11] - [14] and metal nanowires [15] , [16] have been used to increase the optical and electrical properties of organic photovoltaic (OPV). Metal nanoobjects can enhance the absorption of the surrounding media by localized surface plasmon resonances (LSPRs). The 2-D ordered silver nanostructure has been used to enhance the exciton generation rate by the field enhancement effect near the silver nanostructure [17] . In a 2-D ordered silver nanoparticle array embedded in anodic aluminum oxide, the resonant wavelength of transverse plasmon (TP) mode has a wide tuning range from 396 nm to 677 nm by varying the gap size [18] . Therefore, the aforementioned structure can be utilized to enhance the absorption near the band edge of P3HT:PCBM. In this paper, two degenerate TP modes were found and used to enhance the absorption of P3HT:PCBM-based regular and inverted OPVs with 2-D ordered metal nanoparticle array, which is called as nanoplasmonic structure.
Methodology
Transfer-matrix method (TMM) [19] was frequently used for the designs of antireflection coatings, dielectric mirrors, and dielectric filters. Here, TMM was adopted to calculate the transmittance, reflectance, and absorptance of multilayered structures, as shown in Fig. 1 .
The advantage is that the optical parameters can be described by a matrix M ¼ cosðÁÞ jsinðÁÞ= jsinðÁÞ cosðÁÞ
where Á is the optical phase, and is the optical admittance. Accordingly, the effective matrix can be calculated by the following equation:
where subscript Bn[ indicates the nth layer. The relationship between region 0 and region n þ 1 can be written as
where E and H are the electric and magnetic fields, respectively. Then, the reflection coefficient ðÞ and the transmission coefficient ðÞ can be calculated by (4) and (5)
The reflectance ðRÞ and transmittance ðT Þ can be determined by the reflection and the transmission coefficients, respectively [20] . The absorptance ðAÞ can be obtained by (6) when neglecting the weak scattering
Dipole-coupling model (DCM) [18] was adopted to calculate the effective refractive index of nanoplasmonic structure embedded in P3HT:PCBM because the nanoplasmonic structure Fig. 1 . Multilayered structured. E n and H n are the electric field and the magnetic field, respectively, in the nth region. embedded in P3HT:PCBM can be treated as an effective medium. The physical concept of DCM is that the photo-excited nanoparticles are approximated as the electric dipoles, and the local electric field is the summation of the incident electric field and the electric field induced from other electric dipoles [21] . Then, the total polarizability can be calculated by (1) in reference [18] and was used to describe the average optical properties of surface enhanced Raman scattering template based on a 2-D ordered silver nanoparticle array [22] . The accuracy of DCM was examined by the high-accuracy Legendre pseudospectral time-domain method [18] . Fig. 2 plots the refractive indices and the absorption coefficients of Al, Ag, Au, Cu, ITO, ZnO, BK7 glass, PEDOT:PSS, and P3HT:PCBM. The refractive indices of ZnO and BK7 glass were described by Sellmeier dispersion formula [23] , and their weak absorptions were neglected. The optical parameters of ITO, PEDOT:PSS, and P3HT:PCBM were taken from reference [24] . Lorentz-Drude model [25] was applied to Al, Ag, Au, and Cu for calculating the refractive index and absorption coefficient. Fig. 3 plots the configurations of regular OPV with and without nanoplasmonic structure. ITO and Al were used as the anode and cathode, respectively. The thickness of Al and P3HT:PCBM were fixed at 200 nm and 100 nm, respectively. In the case of regular OPV with nanoplasmonic structure, the lattice period BP[ and the nanoparticle length BL[ were both fixed at 100 nm.
Regular OPV
The P3HT:PCBM thickness has been experimentally optimized to increase PCE [26] - [28] , and the optimized thickness is $100 nm. Therefore, the P3HT:PCBM thickness was chosen as 100 nm. A thick Al was used to reflect the transmitted lights back into the P3HT:PCBM. The ITO thickness influences the absorption of P3HT:PCBM because of the refractive-index mismatch between BK7 glass, ITO, and P3HT:PCBM. A low sheet resistance of ITO film is needed for efficient current collection. The sheet resistance of ITO is $7 =sq when the ITO thickness is equal to 100 nm [29] , which results in a conductivity of 1:4 Â 10 14 S/cm. The PCE is $4.8% when the anode conductivity and the cell area are 1:4 Â 10 14 S/cm and 1 cm 2 , respectively. The PCE can be further improved to 5% by increasing the anode conductivity to 2:5 Â 10 14 S/cm [30] . To optimize the absorption of P3HT:PCBM on ITO/BK7 glass, the ITO thickness was scanned from 100 nm to 200 nm. Fig. 4 plots the absorption and reflection for different ITO thickness. When the ITO thickness equaled to 170 nm, there was a minimum reflection at ¼ 550 nm. Although the absorption of P3HT:PCBM is $70% at ¼ 550 nm, the transmitted lights will be reflected back into P3HT:PCBM by the Al anode. Therefore, the ITO thickness was fixed at 170 nm for the regular OPV. Fig. 5(a) , (c), and (e) plots the absorption spectra of regular OPV with Ag, Au, and Cu nanoplasmonic structures. The dashed line is the absorption spectrum of regular OPV. In the nanoplasmonic structures, the lattice period and the nanoparticle length (long axis) were both 100 nm, and the nanoparticle diameter (short axis) was varying from 50 nm to 70 nm. The edge-to-edge distance between adjacent nanoparticles is defined as gap size. The absorption of P3HT is ranging from 400 nm to 700 nm, which can effectively generate photocurrent. In the near-infrared (700-900 nm) and violet (350-400 nm) ranges, the incident light was absorbed by the ITO film, which did not efficiently generate photocurrent. In the case of 30-nm gap, Ag, Au, and Cu nanoplasmonic structures enhanced the absorption in visible range by 5.2%, 5.8%, and 10.5%, respectively. Fig. 5(b) , (d), and (f) plots the polarizabilities of Ag, Au, and Cu nanoplasmonic structures embedded in P3HT:PCBM. Fig. 5(b) shows that the two prominent peaks were both red-shift when the gap size was reduced from 50 nm to 30 nm, resembling the characteristic of the TP mode. In Au (Cu) nanoplasmonic structures, only one prominent peak in red range was observed because the interband absorptions of Au (Cu) weaken the strength of TP mode in blue range. Fig. 5(b) shows that the two prominent peaks are located at ¼ 470 nm and ¼ 620 nm when the gap size is equal to 30 nm. The refractive indices of P3HT:PCBM are 1.62 and 2.14 at ¼ 470 nm and ¼ 620 nm, respectively. It means that the P3HT:PCBM has a negative dispersion. Therefore, two degenerate TP modes ( ¼ 470 nm and ¼ 620 nm) can be supported by a nanoplasmonic structure embedded in P3HT:PCBM. Fig. 5(a) shows that the two TP modes enhanced the absorptance ranging from 470 nm to 700 nm when gap size was equal to 30 nm. Fig. 5(c) and (e) shows that the absorptances were both decreased in the blue range. At ¼ 470 nm, the effective refractive index of Au (Cu) nanoplasmonic structure embedded in P3HT:PCBM was 1.30 (1.34) when the gap size equaled to 30 nm. This refractive-index mismatch between ITO and Au (Cu) nanoplasmonic structure embedded in P3HT:PCBM increased the reflectance and thereby reduced the absorptance. In Au (Cu) nanoplasmonic structure, the absorptance was significantly enhanced ranging from 553 nm (554 nm) to 700 nm due to the TP mode. Fig. 6 plots the configurations of inverted OPV with and without nanoplasmonic structure embedded in P3HT:PCBM. Au and ITO were used as the anode and cathode electrodes, respectively. A 40-nm-thick PEDOT:PSS was used as hole transporting layer, and a ZnO thin film of 40 nm was used as electron transporting layer. The P3HT:PCBM thickness and the particle length BL[ were both 100 nm.
Inverted OPV
To optimize the ITO thickness, the absorptance and reflectance of PEDOT:PSS/P3HT:PCBM/ ZnO/ITO/BK7 glass were calculated for different ITO thicknesses, as shown in Fig. 7 . When the ITO thickness was equal to 125 nm, there was a minimum reflection and an absorption maximum of $70% at ¼ 550 nm. The transmitted lights will be reflected back into active layer by Au anode electrode. Therefore, the ITO thickness was fixed at 125 nm for the inverted OPV. Fig. 8(a) , (c), and (e) plots the absorption spectra of inverted OPV with Ag, Au, and Cu nanoplasmonic structures. The dashed line is the absorption spectrum of inverted OPV. In the nanoplasmonic structures, the lattice period BP[ and the nanoparticle length BL[ were both 100 nm. The gap size of nanoplasmonic structure was varying from 50 nm to 30 nm. In the case of 30-nm gap, the Ag, Au, and Cu nanoplasmonic structures enhanced the absorptance in visible range by 17.7%, 18.6%, and 22.1%, respectively. In the near-infrared range, the absorptances of ITO and PEDOT:PSS did not efficiently contribute to the photocurrent generation. Fig. 8(b) , (d), and (f) is the copies from Fig. 5(b) , (d), and (f), respectively.
Two degenerate TP modes can be supported by a nanoplasmonic structure embedded in P3HT: PCBM. For the long-wavelength TP mode ð $ 620 nmÞ, the polarizability of Au (Cu) nanoplasmonic structure is larger than that of Ag nanoplasmonic structure. In the band edge of P3HT:PCBM, the larger polarizability results in the higher absorption enhancement. For the short-wavelength TP mode ð $ 470 nmÞ, the polarizability of Ag is larger than that of Au (Cu) nanoplasmonic structure. However, the absorption enhancement is limited due to the large absorption coefficient of P3HT:PCBM at ¼ 470 nm. Compared with the Au nanoplasmonic structure, the Cu nanoplasmonic structure has the larger polarizability in the visible range. Therefore, the Cu nanoplasmonic structure achieves the best absorption enhancement for both regular and inverted OPVs. 
Wide-Angle Absorption Enhancement
There was a maximum absorption enhancement of 22.1% in the inverted OPV with Cu nanoparticle structure under normal incidence. To understand the anisotropic properties, the absorption spectra of inverted OPV with and without Cu nanoplasmonic structure were calculated under p and s polarized waves for different incident angles as shown in Fig. 9(a)-(d) . The absorption enhancement was defined as ½A Cu ð; Þ À Að; Þ=Að; Þ, where A Cu ðAÞ is the absorptance of inverted OPV with (without) Cu nanoplasmonic structure for different incident angles ðÞ and wavelength ðÞ.
In both p and s polarized waves, the Cu nanoplasmonic structure enhanced the absorptance for all incident angles, and the largest absorption enhancement was 0.92 at $ 690 nm. In s polarized wave, there is a large absorption enhancement in near-infrared range, which originated from ITO and PEDOT:PSS. Fig. 9 (e) and (f) shows that the absorption enhancement has two peaks at ¼ 430 nm and ¼ 690 nm, and the two peaks are insensitive to incident angle and polarization. The angle-insensitive behavior is similar to the characteristics of TP mode [31] , while the polarizationinsensitive property is due to the form of hexagonal lattice.
Conclusion
In conclusion, I have assessed the absorption enhancement effects of 2-D ordered metal nanoparticle array (nanoplasmonic structure) embedded in P3HT:PCBM. In the inverted (regular) OPV, Cu nanoplasmonic structure enhanced the absorptance by 22.1% (10.5%) when the gap size was equal to 30 nm. Wide-angle absorption enhancement has been tested by varying the incident angle from 0 to 90 . The absorption enhancement of Cu nanoplasmonic structure is insensitive to incident angle for both p and s polarized waves.
